We report a more than 10-fold enhancement of the piezoelectric coefficient d 33 of polycrystalline CH 3 NH 3 PbI 3 (MAPbI 3 ) films when interfacing them with ferroelectric PbZr 0.2 Ti 0.8 O 3 (PZT).
■ INTRODUCTION
Organolead trihalide perovskites such as CH 3 NH 3 PbI 3 (MAPbI 3 ) have gained significant research interests in recent years because of their high power conversion efficiency, 1−4 strong solar absorption, 1, 2 and long charge diffusion lengths, 5, 6 making them promising for developing high-performance photovoltaic applications. It has been shown theoretically that these materials are polar, 7, 8 which is corroborated by the experimental reports on piezoelectricity 9−13 and ferroelasticity 14, 15 in MAPbI 3 . The observations of photoinduced enhancement in the piezoelectric coefficient d 33 8,9 and the photostriction effect 16 further suggest a strong connection between the polar nature and their optical response. As the organic cations possess molecular dipoles that can rotate when subject to external stimuli such as an electric field, 4,17 a highly debated proposal to account for the high power conversion efficiency involves the existence of randomly oriented ferroelectric domains, where the internal field within the domain wall (DW) can promote the photocarrier separation and reduce recombination, 3, 7, 18 similar to the mechanism driving the high photovoltaic voltage in multiferroic BiFeO 3 . 19, 20 In previous studies, polar domains have been directly imaged in MAPbI 3 via piezoresponse force microscopy (PFM) 9 ,21−23 and second harmonic generation techniques, 24 and polarization switching hysteresis has also been reported. 22, 24 Despite the extensive research carried out to probe ferroelectricity in MAPbI 3 , the nature of the polarization and its role in the photovoltaic response are yet to be unambiguously identified.
Capitalizing on the piezoelectric properties, the application potential of the hybrid perovskites as piezoelectric generators or energy harvesting devices has also been explored. 12, 13 For MAPbI 3 single crystals, a d 33 value of 2.7 pm/V has been reported from direct optical measurement, 11 close to that of quartz (∼2.0 pm/V) 25 but much smaller than the values for other widely used piezoelectric materials such as ZnO (12 pm/ V) 26 and Pb(Zr,Ti)O 3 (up to 400 pm/V). 27 Local d 33 value of 6 pm/V was obtained via PFM in polycrystalline thin films, 9 whereas the average response of the sample over large scale can be compromised due to the disordered molecular dipoles. Despite the relatively small d 33 value, MAPbI 3 has the notable advantages of low-cost production, light-weight, and being mechanically flexible and compatible with large-scale roll-to-roll manufacturing, 28, 29 making it a highly viable material choice for large-scale flexible and wearable electronics that can be selfpowered by simultaneous solar and mechanical energy harvesting. 30, 31 It is thus of high technological interest to develop an effective material strategy to engineer the polar axis in this material for optimized piezoelectric response.
In this work, we report a more than 10-fold enhancement in the piezoelectric response of polycrystalline MAPbI 3 thin films when interfacing with an epitaxial ferroelectric PbZr 0.2 Ti 0.8 O 3 (PZT) layer. PFM studies showed that MAPbI 3 films prepared on Au, indium tin oxide (ITO), and SrTiO 3 (STO) surfaces exhibit net d 33 MAPbI 3 values of 0.3−0.4 pm/V, with small PFM phase angle fluctuation at length scales smaller than the sample grain size. In sharp contrast, films deposited on PZT exhibit large-scale domain structures with the polar axes along the film normal, with a significantly higher d 33 MAPbI 3 value of ∼4 pm/V obtained for both polarization up (P up ) and down (P down ) domains. Such an enhancement has been attributed to the surface potential of PZT induced by unbalanced surface charge, which promotes the alignment of the molecular dipoles of MAPbI 3 at the domain nucleation stage during sample annealing, while the preferred polar direction depends on the strength of interfacial screening.
■ EXPERIMENTAL SECTION
We deposited 20−300 nm MAPbI 3 films via spin-coating on four types of base layers, PZT, Au, ITO, and STO thin films, followed by thermal annealing at 100°C. 32 The 50 nm PZT and STO films were deposited epitaxially on (001) STO substrates with a conducting buffer layer of 6−7 nm La 0.67 Sr 0.33 MnO 3 (LSMO), which serves as the bottom electrode ( Figure 1a ). The details of the sample deposition can be found in the Supporting Information. The as-grown PZT is uniformly polarized in the P up state (see Figure S2 in the Supporting Information). To minimize moisture-induced sample degradation, 33 the MAPbI 3 films were prepared in a glovebox and sealed under an N 2 atmosphere immediately after deposition to be transferred to the characterization apparatus.
X-ray diffraction scans show that MAPbI 3 films on all four types of base layers are polycrystalline, with the highest intensity peaks corresponding to the (110) and (220) planes of the tetragonal phase ( Figure 1b and Supporting Information). The extracted lattice constants agree well with the reported bulk values. 34 Atomic force microscopy (AFM) studies reveal relatively smooth surface morphology, with typical grain sizes of 200−400 nm and root-mean-square roughness of 6−20 nm ( Figure 1c and Supporting Information). The AFM and PFM studies were carried out using a Bruker MultiMode 8 AFM system. The PFM measurements were taken in the contact, vertical mode, with an ac voltage V bias applied to the conductive AFM tip and the bottom electrode grounded. The PFM signals obtained were based on the out-of-plane piezoresponse. We conducted PFM imaging close to the resonant frequency of the cantilever in contact (300 ± 20 kHz) with V bias = 0.15 V and acquired the d 33 values at 50 kHz, well below both the free-space resonance frequency (∼75 kHz) and the resonance of the cantilever with sample in contact. There is less than 20% variation in the PFM signal amplitude in the frequency range of 20−60 kHz, and we worked with 50 kHz to optimize the signal stability and signal-to-noise ratio (see detailed discussion in the Supporting Information). The high frequency employed helps eliminate the artifacts due to ionic electromigration within MAPbI 3 . 35 All measurements were carried out in an N 2 atmosphere and within the same day of MAPbI 3 preparation.
■ RESULTS AND DISCUSSION
We first compared the PFM images taken on MAPbI 3 films deposited on different base layers (Figure 1d−h) . For all samples, at V bias = 0.15 V, the PFM signals of the same area are stable in sequential imaging, with no signs of domain switching. For films prepared on Au (Figure 1f ), ITO ( Figure 1g ), and STO ( Figure 1h ) surfaces, the phase response fluctuates around 0°at the length scale of 50−100 nm. The length scale of the phase and amplitude fluctuation is much smaller than the typical grain size, and the spatial inhomogeneity of the signals within a grain cannot be correlated with the surface morphology (see Figures S8−S10 in the Supporting Information). Such fluctuations in the PFM response may originate from the variation of the polar axis within a crystalline grain, pointing to a relatively low DW energy. 36 This is consistent with the polar liquid scenario for the molecular dipole reorientations, 37 where the electrostatic and elastic energy of the DW can be minimized through dielectric screening and local polaron formation. On the 300 nm MAPbI 3 film deposited on PZT, on the other hand, the PFM image exhibits a qualitatively different phase landscape with much larger variation ( Figure 1d ). We observed over micronsize domain areas, where the phase angle is centered around either +90°or −90°, suggesting that the polar axes for both types of domains are normal to the film surface and opposite to each other. Superimposed on the large-scale domains is a mosaic phase structure with characteristic length scales on the order of about 100 nm. Similar signal variation is also observed in the amplitude image ( Figure 1e ), even though not all short length-scale structures can be recognized, likely due to the lower spatial resolution for the amplitude signal on the soft sample surface. Given the relatively smooth surface morphology in this area (Figure 1c ), the 180°phase change cannot be due to the artifacts associated with sharp step edges or sample pinholes.
The emergence of large-scale P up and P down domains is more evident in thinner samples (20−60 nm) on PZT. In Figure  2a −c, we imaged a 25 ± 5 nm thick sample close to the film boundary, where we can monitor the PFM responses of MAPbI 3 and bare PZT at the same time. Besides the PFM signal variation that can be well-correlated with the grain boundaries, as shown in the topography image (Figure 2a ), the domains coexisting in the same grain also show distinct amplitude responses (Figure 2c ), ruling out possible artifacts due to grain boundaries or sharp step edges. In addition to the mosaic phase variation similar to those observed on the thick films, there exists large-scale domains exhibiting clean, uniform signals close to ±90°, with many of the domains extending over several grains (Figure 2b ). The bare PZT region, on the other hand, shows homogenous phase angle of −90°and amplitude response, corresponding to the as-grown P up state (Figures 2d and S2 in the Supporting Information). As a control experiment, we also imaged the P down and P up domains written on bare PZT (Figure 2d ). The PFM phase response of the ±90°domains in MAPbI 3 (Figure 2b ) bears strong resemblance to that of the P up −P down domain structure in PZT. In addition, the region with phase angle in phase with that of PZT exhibits significantly higher amplitude signal than the region that is out of phase with PZT polarization (Figure 2c ). Such a difference is due to the relative alignment between the polar axes of MAPbI 3 and PZT, which can result in either constructive or destructive PFM responses. As the PFM imaging voltage (V bias = 0.15 V) is insufficient to switch the polarization of PZT underneath, the spontaneous domain formation and PFM amplitude variation can only be intrinsic to MAPbI 3 . For the smaller mosaic structures observed in Figures  1d and 2b , the phase fluctuation amplitude also well-exceeds the noise floor of the phase signal (<5°). We thus conclude that these fluctuations are real rather than due to imaging noise. This is more evident in the upper half region in Figure 2b , where both mosaic domain patterns and large-scale domains were imaged in the same line scan. Given the characteristic length scale of these mosaic domains are approaching the image resolution, we cannot differentiate whether the relatively small phase angle variation (i.e., <90°) is originating from the change of underlying polar alignment or a result of imaging limitation for small-scale 180°domains, where the signal contrast is not well-resolved.
We then carried out quantitative PFM amplitude analysis, collecting the amplitude signal A at a lower frequency (20−50 kHz) while ramping V bias from 0 to 3 V at 0.1 V/s (Figure 3a ). We kept V bias to be lower than the coercive voltage of the PZT layer ( Figure S2 in the Supporting Information) to ensure that the polarization of PZT remains to be in the as-grown state (uniform P up ) during the voltage sweep. We focused on a spot showing +90°phase angle (marked with a blue cross in Figure  2a ) and one that shows a −90°phase response (red circle). Both spots reside at the central area of a grain so that we can exclude extrinsic effects due to grain boundary-induced ion migration, pinholes, sharp height variation, or strain gradient. 38, 39 On both sites, A(V bias ) exhibits a quasi-linear behavior (Figure 3a ). Similar quasi-linear V bias -dependence of the piezoresponse has been observed in all MAPbI 3 samples prepared on different surfaces, with no sign of switching the polar direction. At V bias = 3 V, the amplitude responses of these two spots reach 2 and 4 mV, respectively. For comparison, we also showed the data taken on a 25 nm film prepared on Au, whose amplitude signal only reaches ∼0.28 mV at V bias = 3 V, similar to the samples on ITO and STO (see Figures S8−S10 in the Supporting Information). For bare PZT, the amplitude exceeds 4 mV at V bias = 1 V.
To calculate d 33 , we converted the amplitude A into the sample displacement u tot = AS/I, where S = 50 pm/V is the tip sensitivity and I = 16 is the vertical gain, and extracted d 33 = ∂u tot /∂V bias from the initial slope of A(V bias ). A superlinear dependence emerges at V bias > 2 V, which can be attributed to a quadratic contribution of the ferroelastic effect. 40 For bare PZT, we obtained a d 33 PZT value of 19 ± 1 pm/V, comparable with the reported values for PZT films with similar composition using optical method. 41 PFM measurements taken on the P up and P down domains written on PZT also reveal similar d 33 values, further proving that the as-grown PZT is fully polarized in a monodomain state (see Figure S6b in the Supporting Information).
For the MAPbI 3 films, we obtained a d 33 value of about 0.3 pm/V for the samples on Au, similar to those on ITO ( Figures  S8 and S9 in the Supporting Information). To extract d 33 for the films on PZT and STO, we performed finite element analysis to calculate the voltage distribution across the MAPbI 3 and PZT (STO) layers. 42 Figure 3b (upper inset) shows the simulated potential distribution through a heterostructure with 20 nm MAPbI 3 and 50 nm PZT at V bias = 1 V, assuming a point contact with the AFM tip and a global ground provided by the LSMO layer. For modeling, we used the dielectric constants of 100 for PZT 43 and 32 for MAPbI 3 . 6 For our sample geometry, the majority of the bias voltage is always applied through the MAPbI 3 layer (Figure 3b) , with the fractional voltage (v MA = V MAPbI 3 /V bias ) changing from 87 to 93% as the MAPbI 3 film thickness t MA increases from 20 to 60 nm (Figure 3b lower inset). The absence of the superlinear behavior in A(V bias ) for MAPbI 3 also confirms that the voltage fraction across PZT (v PZT = V PZT /V bias ) is small. On the basis of the simulated voltage distribution, we calculated the d 33 value of MAPbI 3 using tot   bias   33   MAPbI  MA  33 PZT PZT 3 (1)
where we used d 33 PZT = 19 pm/V for PZT, "+" for constructive (in-phase), and "−" for destructive (out-of-phase) piezoelectric responses between these two layers. For the sample shown in Figure 2 , we extracted d 33 MAPbI 3 = 3.7 ± 0.1 pm/V for the P up region and 4.2 ± 0.2 pm/V for the P down region. Similar modeling was performed to deduce d 33 MAPbI 3 for films prepared on STO ( Figure S10d in the Supporting Information). Figure 4a summarizes the d 33 values for MAPbI 3 samples on different base layers. For the 20−60 nm films on PZT, d 33 varies from 3.3 to 4.2 pm/V, with no apparent dependence on the polar direction. This result is comparable with the singlecrystal value 11 and 1 order of magnitude higher than the films on Au, ITO, and STO (0.3−0.4 pm/V). The optimal amplitude response, in conjunction with the ±90°phase angle of the piezoelectric response, collectively points to fully aligned polar domains in the MAPbI 3 films on PZT. The small, highly fluctuating phase angles observed in the samples on Au, ITO, and STO (Figure 1f−h) , on the other hand, are consistent with a random, isotropic distribution of the polar axes, which would yield a small net piezoelectric response.
For the films on PZT, the evolution from large-scale domains (Figure 2b,c) in the 20−60 nm films to a mosaic domain structure (Figure 1d ,e) observed in the 300 nm film further suggests that the interaction between MAPbI 3 and PZT is an interfacial rather than bulk effect. In canonical ferroelectrics, it is known that domain formation is a result of the energy competition among the long-range dipole−dipole interaction, short-range elastic energy, and various disorder potentials. 44 We first consider the possible contribution of lattice strain, which has been shown to lead to spontaneous domain formation in polycrystalline MAPbI 3 . 14, 21 Despite the variation of surface morphology, the MAPbI 3 films prepared on different types of base layers exhibit similar crystalline structures (Figure 1b and Supporting Information), consistent with previous reports on polycrystalline MAPbI 3 films grown on substrates with different surface conditions. 45, 46 The extracted lattice parameters for all types of samples are comparable and in excellent agreement with the bulk lattice constants in the tetragonal phase (Table S1 in Supporting Information), which suggests an insignificant variation in the strain states among these samples. In addition, the observed polar domain structures are mostly with irregular shape and size, isolated, and have no direct correlation with either the sample morphology or the polycrystalline grain distribution (Figures 1 and 2) , whereas those features would have strong influences on the strain distribution. These characteristics of the polar domain structure are in sharp contrast to those reported in refs 14 and 21, where the internal strain has resulted in highly regular stripe domains that conform well with the grain structure. We thus rule out strain as the driving mechanism for the polar domain and enhanced piezoresponse in films on PZT.
We then consider the contribution of the electrostatic energy. A possible mechanism is that the surface potential of PZT due to the high-density bound charge promotes the alignment of the polar axis in the initial domain nucleation stage. Once the domains with P up and P down states are seeded at the interface, it is energetically unfavorable for the growth of domains with other polar axis because of the long-range dipole−dipole interaction, an important energy scale in ferroelectric materials that competes with the elastic energy and disorder potential in determining the DW energy and domain structures. 36, 47, 48 For example, enhanced piezoelectric response has been achieved in the ferroelectric copolymer poly-(vinylidene-fluoride-trifluorethylene) [P(VDF-TrFE)] by optimizing the local dipole alignment through precise microstructure control. 49 A similar scenario has also been adopted to explain the enhanced open voltage and photovoltaic efficiency in BiFeO 3 when interfaced with MAPbI 3 . 20 The fact that the samples deposited on all four types of bases layers have similar crystal structures yields strong evidence that the enhanced piezoresponse in the samples on PZT is decoupled from the bulk crystalline symmetry. We thus propose that such an enhancement may originate from the promoted alignment of the A-site MA molecular dipole, which induces local polaronic lattice distortion. This kind of local distortion has been observed experimentally in MAPbI 3 , 50 and the molecular reorientations when subject to an external electric field have been attributed to a liquid-type short-range polar interaction. 37 Unlike the perovskite oxide ferroelectrics, where the ferroelectric instability is directly associated with the displacement of ions at different lattice sites, for example, the Bsite cations and the oxygens at the tetragonal face center positions, the dipole moment of MAPbI 3 originates from the Asite MA molecules. 4, 16 Because of the extremely localized nature of these dipoles, the elastic energy associated with the lattice distortion, which competes with the dipole−dipole interaction to promote the in-plane alignment of the dipoles, is much weaker than the ferroelectric oxide. As a result, there is a significantly lower energy penalty in decoupling the local dipole orientation from the bulk crystal structure. It has been shown both theoretically 7, 8 and experimentally 51 that the MA dipole can rotate under external electrical or optical excitations. Although the reorientation of the MA molecule can induce dynamic local structural distortion in MAPbI 3 , as confirmed by simulations 7,52 and high-energy-resolution inelastic X-ray scattering studies, 50 no signature of the structural symmetry breaking has been detected by the Bragg diffraction technique. 50 A likely scenario is that when the molecular dipoles are not fully rotated out of plane, their in-plane components remain to be disordered, preventing a long-range order that can alter the crystal structure. This model naturally explains why the domain structure in MAPbI 3 cannot be correlated with the polycrystalline grains, and the corresponding d 33 values are comparable with that of bulk single crystals regardless of different grain crystal orientations. 11 As the polar alignment is induced by the surface potential of PZT, we expect that the effect would diminish when the interfacial MAPbI 3 layer provides sufficient screening, either through thermal carriers or dielectric screening, to fully compensate this potential. Our study showed similar d 33 MAPbI 3 values ( Figure   4a ) and polar domain distributions in 25−60 nm MAPbI 3 thin films (Figure 2 and Supporting Information), whereas the characteristic domain size for the 300 nm film is notably smaller (Figure 1d,e) , signaling a larger fraction of the MA dipoles with enhanced in-plane component with increasing distance from the interface. This thickness dependence is in reasonable agreement with the depletion widths of 45−160 nm reported in thick polycrystalline MAPbI 3 films. 53, 54 The dipole field interaction alone, however, cannot explain why a predominant fraction of the domains has the polar axis antialigned with the polarization of PZT. What has not been taken into account is the existence of a charge screening layer at the MAPBI 3 /PZT interface that can change the polarity of PZT surface potential. It is known that the ferroelectric surface can attract charged adsorbates and water molecules from the ambient to screen the surface bound charge. 55 We propose that it is the unbalanced fraction of the surface potential that affects the polar alignment of the MA dipoles during the crystallization of MAPbI 3 . Depending on whether the screening strength is underscreening or overscreening, the preferred polar axis of MAPbI 3 would be either parallel ( Figure 4b ) or antiparallel ( Figure 4c ) to that of PZT, respectively. In our experiments, the MAPbI 3 layers were prepared on the PZT surface in ambient at room temperature, with the polarization close to be fully screened prior to deposition. The samples were then annealed at 100°C for forming polyscrystalline films, while PZT polarization decreases due to the pyroelectric effect. The existing screening layer would then lead to an overscreening to the high-temperature polarization. As the screening adsorbate layer is trapped at the MAPbI 3 and PZT interface, its exchange with the ambient charge can be a relatively slow process. In the meantime, the majority of the sample surface possesses unbalanced surface charge, which is screened through the reorientation of the MA dipoles, aligned antiparallel with PZT polarization. To further examine the feasibility of this scenario, we performed in situ Kelvin probe force microscopy (KPFM) measurements to probe the surface potential of the domain structures on PZT with varying temperatures. As discussed in the Supporting Information (Figure S11 ), the surface potential difference between the P up and P down domains diminishes with time in ambient and indeed reverses sign when the sample is heated at 100°C, yielding strong support to the proposed model for the antialigned domains. Such a polarity change of unbalanced surface potential has been previously observed on ferroelectric BaTiO 3 56 and PZT 57 thin films via variable temperature KPFM measurements. The thermally induced unbalanced surface screening charge has also been probed in ferroelectric-gated graphene transistors, where the switching hysteresis in graphene can evolve from being in phase to out of phase with the ferroelectric gate switching with increasing temperature. 58−60 The coexistence of both polar domains, on the other hand, may be due to the stochastic nature of surface charge absorption, which requires the precise knowledge of the surface condition of PZT. This scenario also suggests that it is possible to engineer the polar axis of polycrystalline MAPbI 3 thin films in a uniform state by controlling the surface screening condition of the ferroelectric base layer.
■ CONCLUSIONS
In summary, working with MAPbI 3 /PZT heterostructures, we have shown that the presence of an interface polarization can promote the polar alignment in polycrystalline MAPbI 3 thin films, leading to a net piezoelectric response comparable with that of bulk single crystals. We expect that the similar effect can be achieved by exploiting the out-of-plane polarization of other ferroelectric base layers, such as BaTiO 3 and PVDF. Interfacing with the polymeric ferroelectrics is particularly promising for developing large-scale flexible/wearable electronics. Our work also suggests that the local dipole orientation can be decoupled from the bulk crystalline orientation, a property that is in sharp contrast to the conventional oxide ferroelectrics, yielding strong support to a polar liquid scenario of the reorientation of the local MA dipole. 37, 51 The demonstrated synergy between the polar properties of the hybrid perovskite and an interfacial ferroelectric material can be utilized to engineer the polar alignment in MAPbI 3 . For example, it is possible to impose different domain structures in MAPbI 3 by preparing it on ferroelectrics with prewritten domains, providing a controlled route to studying the relation between the photoresponse of the sample and the DW density. Our study thus points to an effective material strategy for advancing our fundamental understanding of the role of the polar properties in the high conversion efficiency of the hybrid perovskite, as well as facilitating the development of organolead trihalide perovskite thin film-based flexible electronics with integrated electronic, mechanical, and photovoltaic functionalities. 
